Abstract-A small, lightweight, space-filling truss structure is fabricated using soft lithography in combination with electrodeposition. The truss architecture is chosen so that three-dimensionality can be achieved simply by folding a two-dimensional grid at a specific angle. The mechanical performance and structural efficiency of the truss beam are assessed under four-point bending and compared to the bending behavior of a square box beam in terms of nondimensional indexes for stiffness, weight, and load-bearing capacity. . As with the 2-D case, 3-D space frames combine high strength with low weight and structural "openness." Designers use these systems when it is necessary to span a large area, such as the ceiling of a gymnasium or natatorium. Related 3-D truss systems can form columns, beams, and nonplanar surfaces, including cylindrical vaults, and hemispherical domes [2].
. (a) Weight (W) distributed over the top of a planar truss is apportioned among its members as tensile (T) and compressive (C) forces [I] . (b) A space-filling truss derives strength from the tetrahedral arrangement of its members. The truss system discussed in this paper can be more easily visualized as an interlocking array of square-based pyramids (shading added for visualization only.) selves, rolling, casting, and forging, are not feasible at the mesoand microscale. It has been proposed [4] [5] [6] that electrochemical deposition and dissolution of metals will play a key role in the fabrication and assembly of metallic components at these small size scales. Microfabrication techniques such as LIGA (Lithographie, Galvano, and Abformung or lithography, electrodeposition, and molding) [7] , [8] have grown out of the microelectronics industry. Using this and similar techniques, the fabrication of planar metallic structures has become routine. Aside from producing structures with high aspect ratios, however, these methods have not made much progress into the third dimension. Full three-dimensionality must be introduced either through layer by layer addition or by using serial techniques that carve microstructures from solid objects by laser micromachining [9] , [lo] or "write" 3-D microstructures [I 11, [12] .
Here we present a new method for the fabrication of a 3-D trussed space frame in metal at the mesoscopic scale. Our technique provides a route to truly 3-D objects. It is from this three-dimensionality that our structures derive their strength. We convert simple 2-D patterns into complex 3-D objects. We then interconnect and strengthen these objects using microelectrochemistry. The present method uses soft lithography [I 31 , [I 41-particularly microcontact printing [I 51-[ 171-to define 2-D patterns in a silver (Ag) film having feature sizes -100 pm wide over a large area (-6 cm2) . Microelectrochemistry using a malleable metal (Ag) strengthens the patterned metal [I 81-[20] , and subsequent manipulation transforms these 2-D patterns into 3-D mesostructures. Electrochemical welding joins several levels by forming multiple connections in a single electrodeposition step.
The mechanical response of the mesoscale truss structure is evaluated in four-point bending. The structural performance and efficiency of the truss system is compared to those of a square box beam of comparable size and weight using nondimensional indexes that factor out the effects of material properties and the beam lengths.
Our method uses rapid prototyping [21] and microcontact printing, LLCP (Fig. 2 ), in combination with microelectrochemistry to form the initial 2-D grid patterns that make up the truss. Rapid prototyping describes the method we use to generate flexible, inexpensive photomasks having feature sizes as small as 20 pm. A design generated using a suitable computer-aided drawing (CAD) software application (Macromedia Freehand 7.0) is printed onto a transparency using a commercial laser-assisted image-setting system.' The transparency is used as a photomask to generate a relief pattern in a layer of photoresist. We produce an elastomeric "stamp" by molding this relief pattern into polydimethyl siloxane.' The stamp, which carries the inverted relief pattern on one face, transfers a monomolecular pattern of a chemical "ink" to a substrate. In this study, the substrate consisted of glass microscope slide coated with Ti (5 nm, adhesion promoter) and Ag (50 nm) using an e-beam evaporator. The ink was a I-mM solution of hexadecanethiol (CH3(CH2)1;SH, "HDT"). HDT forms a self-assembled monolayer (SAM) on the surface of Ag that acts as a nanometer-thick resist to subsequent wet chemical etching. Immersion of the substrate in an aqueous ferricyanide solution (0.001 M K4Fe(CN)~, 0.01 M K~F~( C B ) G . and 0.1 M Na2S203) for 20-30 s removed the underivatized areas of Ag; immersion in aqueous HF (1%) for 15-20 s removed the areas of Ti exposed by the ferricyanide etchant. The result was a supported pattern in Ag that duplicated the pattern in the PDMS stamp. After electrically contacting the Ag pattern, we immersed the glass substrate in an Ag electroplating bath3 at room temperature and electrodeposited Ag at a current density of -20 mA/cm2 for 15 min. At this point, the adhesion between the electroplated Ag layer and the initial vapor-deposited layer was sufficiently poor to make possible manual separation of the Ag grid structure from the substrate using tweezers.
As described in [I] , the 3-D truss can also be assembled from its component set of grids, two of which are planar and one nonplanar (Fig. 3) triangular sides of the square-based pyramids in the array. The top and bottom square grids make up the bases of the inverted and upright pyramids, respectively, in the array. These were prepared by pCP and electroplating, as described above. The diagonals supporting the square grids add lateral stability to the structure by converting each square into two triangles. The 3-D grid B can be unfolded along the indicated axes to produce the 2-D grid labeled A. To make B, we first fabricated A using pCP on a planar substrate, followed by electroplating; we then folded the sheet along the indicated axes using tweezers. Stamping of the folded grid with a machined brass die ensured that the folds achieved the desired 70" angle. We aligned the three grids manually, as shown in Fig. 3 , by using a stereomicroscope to aid visualization. The grid sections measured -1 cm x 2 cm, and each square cell measured -2 mm x 2 mm. Application of silver paint to the outer corners of the grids (indicated by dashed lines) affixed the grid temporarily for the electroplating step. An Sn wire electrically contacted the structure. We sandwiched the truss between sections of glass microscope slides and placed the assembly in a shallow Ni electroplating bath4 held at 45 "C. electroplating. After electroplating at a current density of -20
These indexes allow explicit effects of material properties and mA/cm2 for 1 h, we removed the weight and the glass slides beam lengths to be factored out. Such indexes are used for the and electroplated at this current density for an additional 30 min bending moment to be supported without failure, designated to allow deposition on the top and bottom faces of the truss. II; the weight $J; and the relative bending stiffness, or shape factor, 4. For beams subject to pure bending (no shear forces), these indexes are given by [22] 111. Box BEAMS Beams subject to bending are commonly stiffened using I-s. boxes, and tubes. The minimum weights depend on the configuration, loading, and potential failure modes. Comparisons are facilitated by adopting nondimensional indexes [22] . So that for a solid beam having a circular cross section and the same cross-sectional area A.
Shape factors for some simple sections are summarized on Table I . The stiffness scales with the second moment of area I
where E is Young's modulus and B1 is a constant that depends only on the loading details (Table 11) . Accordingly, the only measure of stiffness associated with shape is the second moment of area I, enabling the shape factor to be reexpressed as where I, refers to the solid circular section
Another useful expression for the shape factor obtained from (2b) and (2c) is thus With reference to Table I and from (2d), it is apparent that for a box beam with fixed A (i.e., constant weight), the shape factor can be increased without limit by allowing the wall thickness to approach zero. In practice, there are limits because of failure modes that arise as 4 becomes large. Consideration of all potential failure modes is a crucial aspect of weight optimization. Yielding, overall, and local buckling are the three major possibilities.
When these failure modes are included in the design, there is a maximum realizable shape factor. The maxima used in practice may be found by measuring the second moment of area I , as well as the area of the cross section A of commercially used beams and cross plotting on logarithmic axes. Results for steel beams are summarized on Fig. 5 . Lines of slope 2 [see (2d)l represent constant shape factors. It is apparent from the figure that the shape factor for box beams has a maximum, dm,, x 20, while that for I-beams is 4, , , x 65. Hereafter, box beams are emphasized since they are similarly effective in bending and torsion (I-beams are only useful in bending) [22] . To gain some understanding of these maxima. the failure modes can be represented on a map that comprises a cross plot of the load index II against the shape factor 4. One such map, determined for box beams, is presented in Fig. 6 , wherein the location of the doniain boundaries depends on the yield strain for the material €1.. Fig. 6 refers to a yield behavior typical of that for pure metals (€1. x 7.5 x lop4). The figure should be interpreted as follows.
Configurations and loads that reside in the buckling domain must be avoided; otherwise. the beams would fail catastrophically. This requirement limits ci , to be less than 36: conservatism leads to the lower values 4 < 20 used in practice (see Fig. 5 ).
The maximum values of the load index II are governed by the avoidance of plastic failure. A conservative design would assure that the response of the beam is entirely elastic. However, since the limit loads appreciably exceed those at yield, designing beyond yield is permissible in some cases. Accordingly, the maximum allowable load index consistent with the maximum practical shape factor is I T , , ,
x
The practicable stiffness consistent with the maximum realizable loads is plotted as the cross-hatched area in Fig. 6 , which can be used to compare box beams with competing configurations. The interplay between stiffness, load capacity, and weight can now be addressed. For this purpose, note from Table I (smaller h,) , the stiffness may be increased as well as the weight reduced but at diminished load capacity (Fig. 6 ).
IV. TRUSS BEAMS

A. Rationale
In order to explore the structural attributes of the space-filling truss, relative to the box beam, we fabricated a 3-D truss comprising a single row of pyramidal cells [ Fig. 7(a) ]. There are no theoretical results for such beams. The approach taken here is to make measurements in bending and to represent the results in a format that allows them to be compared directly with box beams. The measurements use the four-point bending procedure (see Fig. 8 ). In the regions between the outer and the inner load (2a). Once E l has been measured in this manner, it is also possible to obtain the shear rigidity G A from the load point displacement, S p using
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The truss beams had dimensions 6 = 3.3 mm, H = 2.0 mm, strut diameter d = 320 pm, and relative density p l p , FZ 0.12. For four-point testing, the outer span L = 31.75 mm and inner span 2a = 15.88 mm. The specimens were displaced at 20 pmls. The load-point displacement, as well as the central deflection, were recorded as a function of applied load. A typical load-displacement curve is shown in Fig. 8 . The behavior is linear until a load drop is exhibited at about 30 N. The linear region gives the required stiffness information. There are subsequent load oscillations, accompanied by a general strain softening. After testing beyond the load drop, examination in the scanning electron microscope (SEM) revealed two predominant features: indentation of the strut members at the load pins [ Fig. 7(d) ] and fracture of some axial struts at the tensile extremity [Fig. 7(b) and (c))]. The latter are located in the constant moment region between the inner loading points. They occurred with minimal plastic distortion because the nanosized grains in as-deposited Ni cause it to behave in a brittle manner. Accordingly, the peak loads, on a relative basis (through II), are lower than the full capacity of this beam design should the struts be composed of a ductile structural alloy. A cursory estimate of the actual load capacity has been found by annealing the truss material in vacuum at 750 O C for 8 h to grow the grains and restore some ductility. Retesting after annealing revealed greater ductility, albeit somewhat compromised by porosity generated during annealing. Nevertheless, the response was nonlinear, and the peak loads provide some information relevant to the load index, discussed next. Microhardness measurements made on the truss members after annealing indicate a yield strength of C T ,~ KZ 60 MPa (in the range expected for "pure" Ni).
Using the stiffness measured in the linear region (Fig. 8) , EI and GA have been obtained from (2a) and (4) Table I is 4 zz 16 (close to the maximum realizable value). The maximum load index for this shape factor is obtained from Fig. 6 as II,,,,, = 2 x 110-' .
The present truss is thus much less stiff than an optimized box beam made from the same material and having the same weight (Fig. 6 ). Its maximum load capacity is also lower. This result highlights the generally inferior performance of nonoptimized geometries. The next step in the development of a competitive truss material would be to vary the aspect ratio of the trusses and the truss architecture to seek configurations that have greater stiffness and strength. This search should be guided by theoretical results [23] .
VI. CONCLUSION
The method we describe here uses soft lithography in combination with electrochemical plating and welding to fabricate a space-filling truss-a complex 3-D object. We generate an array of interconnected submillimeter elements using a simple parallel stamping process. At a production scale, a metal-punching technique might prove a useful substitute to produce the initial planar metal structures. For small-scale prototyping in the chemical laboratory, however, we believe our soft-lithographic process to be simple, rapid, and cost effective. At smaller feature sizes. we believe microcontact printing will prove to be the superior technique: feature sizes as small as 1 pm are routine using this technique [13] .
This procedure provides a general approach to the fabrication of open 3-D structures, provided that the structures can be decomposed into assembles of flat, folded, and/or curved sheets. In addition, by taking advantage of die stamping to fix the angles of the folded sheet, we have designed a procedure that lends itself easily to automation. The current radius of curvature (-50 ~rm) at the angles produced by the die stamping technique could be improved significantly by using higher tolerance techniques for the production of the die itself. We believe that with automation and optimization of the folding process, we could reduce the volume of these structures by a factor of 1000. Examples of potential applications that take advantage of the fabrication technique discussed in this paper include structural components (e.8.. wings) in microair vehicles, small space vehicles and robots, and highly direction-agile mesoscopic antennas. At smaller dimensions, such structures would be useful as readlwrite arms in disk drives, and components in MEMS structures and biomedical devices for microsurgery.
The specific truss architecture chosen for this preliminary study is less structurally efficient than an optimized box beam in terms of stiffness-to-weight and load capacity. However, other truss architectures can be envisioned that are much more competitive [23] . They involve different truss angles and aspect ratios. Moreover, open trusses provide for functionalities beyond structural efficiency that could not be realized with closed box configurations. These designs will be explored in future studies.
